Abstract -Hexagonally ordered Py antidot arrays were prepared by sputtering onto anodic alumina membrane templates, with varying antidot diameter and lattice constant parameter. Experimental magnetic characterization together with micromagnetic simulations was performed to unveil the coercivity mechanism. Experimental measurements show that coercivity monotonically increases with the antidot diameter in reasonable agreement with simulations. This is understood considering the presence of geometrical micrometric domains with perfect hexagonal order. Contrarily, simulations for a single crystal sample predict that the coercivity should decrease with the antidots diameter.
Introduction. -Magnetic antidot arrays offer the possibility to control the magnetic properties of thin films through a strong dependence on the geometrical parameters as the antidot diameter, d, and the center-tocenter distance, D. This property makes antidot arrays thin films interesting for applications in magnetic recording [1, 2] , for sensors applications [3] or more recently in information technology as magnonic crystals with well controllable band width [4] . In comparison with lithographically prepared antidot arrays, the template assisted growth onto Anodic Alumina Membrane (AAM) is cost effective and does not pose any restriction in the total area covered by antidots. Replica/antireplica [5] or direct sputtering [6] processes using AAM templates have been recently proposed to grow antidot arrays. From the point of view of magnetic properties, these antidots form a highly dense hexagonal lattice which diameter, d, that can be tailored from 10 to 160 nm and center-to-center distance, D, from 65 to 200 nm [7] [8] [9] . Such dimensions are reduced in comparison with those of lithographically prepared antidots where the diameters and center-tocenter distances range typically from 200 nm up to 2 µm. Particularly, in Py antidot arrays on AAM templates, the (a) E-mail: gawron@newton.ftj.agh.edu.pl magnetization correlation length is of the order or larger than D-d, while in the lithographically prepared ones that parameter is of the order or smaller than D-d. As a consequence, the magnetic behaviour of the lithographically prepared antidots is normally defined by the existence at the remanent state of inhomogeneous magnetisation structures in the region between antidots ("zig-zag"-like structures, as those depicted in fig. 5(d) ). This inhomogeneous magnetisation state is perfectly visible by magnetic force microscopy and is responsible for the demagnetization process [10, 11] . In that case, the coercivity enhancement for small antidot separation was predicted by micromagnetic simulations [12] and observed experimentally [10] . The size of these inhomogeneous magnetisation structures is defined by the magnetisation correlation length. Therefore, for AAM Py antidots these structures cannot fit in the magnetic space separating antidots and thus one can expect a priori a different micromagnetic process. Due to its increasing interest in magnetic nanotechnology, it is important to elucidate the micromagnetic processes governing the control of coercivity in such arrays.
Samples preparation and measurement. -Py antidot arrays were prepared by sputtering onto AAM templates [13, 14] . AAM were first prepared by two-step anodization process in 0.3 M oxalic acid [15, 16] . Templates pores are self-assembled into a hexagonal arrangement with selected pore diameter of d P = 22 nm and lattice parameter D = 105 nm. Pores of different membranes were then widened up to 75 nm by controlled chemical procedure. Membranes were then polished by low-angle ionmilling to reduce the intrinsic AAM surface roughness with a R.I.B. -Etch 160 ECR, Reactive Ion Beam Etch System. After the AAM preparation, Py thin films were grown in a homemade RF-sputtering system on top of AAM so replicating the particular ordered pattern of each template. The thickness of Py films selected for this study was t P y = 10 nm, as determined by X-Ray Reflectometry (XRR). As previously reported, the nanoholes reduce their apparent diameter with the sputtering process due to a partial deposition of material inside the upper lateral wall of the pores [11, 17] , resulting in a final antidot diameter, d. Atomic Force Microscopy (AFM) imaging confirms that the surface roughness is fairly independent on the antidot diameter. The height variation obtained from the AFM profiles performed along the line marked in fig. 1(a) is lower than 10 nm for all the samples (see the inset in fig. 1 ).
The Scanning Electron Microscopy (SEM) image in fig. 1 shows a typical view of an antidot array, where hexagonal ordering extends few square microns, as well as the dislocations-like border region. The selected samples for this study are antidot arrays with D = 105 nm and d = 19, 55, 62, and 71 nm.
The magnetic properties were measured by vibrating sample magnetometer under applied magnetic field in the plane of the sample with maximum amplitude of 18 kOe. 5 A/m and we neglect the magnetocrystalline anisotropy. The hexagonal lattice parameter D = 200 nm, although not accessible by the present experimental preparation, was included in our study since it represents a transition to a magnetic behavior, compatible with the lithographically prepared antidots case. The total system size was 1000 × 1038 nm with the discretization equal to 2 nm, and periodic boundary conditions were used. In some cases, in order to break the system symmetry the nucleation sites of several nanometers with a smaller magnetization of 0.1M s were introduced. These nucleation sites slightly change the coercivity value but do not qualitatively alter the nature of the demagnetization process. The field was applied along the line connecting antidots, i.e. along one of the directions of the 6-fold easy axes, created by magnetostatic fields. To simulate the dislocations (see fig. 1, right) , we rotate the lattice in half of the simulated sample by 30 degrees, fill the empty spaces by antidots and use the periodic boundary conditions. The hysteresis loops (see fig. 3 ) for D = 100 nm and d < 45 nm show squared shape with a remanent to saturation magnetization ratio of 1, while for d > 45 nm the remanence decreases and the loops for d > 65 nm become rounded.
The simulated coercivity values increase as a function of the antidot diameter in very reasonable qualitative agreement with the experiment. Note that in the area rotated by 30 degrees the external field is applied almost along the hard magnetization axes and thus the coercivity in this area is very small. The size of the nucleation sites is of the order of magnetic correlation length (see fig. 1, right) , and thus typically it includes many antidots. Coercivity field (Oe) The nucleation is more difficult for larger d > 65 nm which increases the coercivity.
One might wonder what happens in the case of a perfect single crystal antidot lattice with the field applied parallel to the easy axis. The simulations show a completely different behavior as compared to the experimental situation and the micromagnetic simulations presented above. The hysteresis loops are squared for d < 65 nm and all of them have a remanent to saturation magnetization ratio of 1 (see fig. 3 ). Comparatively to the polycrystalline case, the coercive field values are larger for d 75 nm but are similar for d 85 nm. As a result, the coercivity decreases with d, as observed in fig. 4 . For d < 65 nm the coercivity is, as before, defined by the demagnetization nucleation ( fig. 5(a) ). In this case the coercive field is much larger as compared to simulated polycrystalline samples where the nucleation takes place in the domain with the field applied parallel to the hard axis. The demagnetization process takes place by propagation of domain walls. The demagnetization dynamics also shows the pinning of domain walls at antidots (see fig. 5(b) ). In most of the cases the depinning occurs dynamically during the relaxation process at the same (coercive) field value, while in some cases an increment of the field (slightly larger than the coercive one) is necessary. In the opposite case of larger d > 75 nm, when the antidot diameters approach the lattice period, the hysteresis process consists of multiple Barkhausen jumps. The nucleation site is of the order of the antidot separation, D-d, it occurs in different sites of the sample and the magnetization is strongly pinned (see fig. 5(c) ). For the growth of the demagnetization region, the subsequent increase of the field is necessary. We call this demagnetization regime -"creep" regime-since it consists of many small demagnetization jumps. We can also say that in this regime the sample consists of defects promoting random nucleation which decreases the coercive field value. This effect is similar in both single crystal and polycrystalline samples. However, in a polycrystalline sample the disorder at the grain boundaries additionally promote nucleation and the resulting coercive field values are slightly smaller.
For larger lattice period D = 200 nm, the observed behavior becomes similar to that of the lithographically prepared antidots [5, 6, 10] . Namely, the intermediate zig-zag structures observed in fig. 5(d) appear at the remanence and persist until negative fields. The demagnetization process originates from these structures.
In agreement with previous findings in lithographed antidots, smaller antidot separations D (for the same diameter d ) result in a more efficient pinning and increment the coercive field (see fig. 4 ).
Conclusions. -In conclusion, the micromagnetic processes defining the demagnetization in antidot arrays grown on top of AAM templates are typically different from those obtained by lithography due to a more dense packing and smaller dimensions. A reasonable agreement of the increase of coercivity with the antidot diameter between experimental data and model which includes the presence of geometrical domains has been obtained. In this case the coercive field is defined by the nucleation having nucleus sites larger than several antidot distances and being more difficult for larger d > 65 nm. The nucleation is easier in the regions where the field is applied along the hard axis of the geometrical array. This fact is responsible for smaller coercive field values observed in polycrystalline lattice as compared to monocrystal situation. Contrarily to the experimental behavior, the coercivity values of a single crystal antidot array with the field applied parallel to the effective easy axis should decrease as a function of d. We conclude that the presence of structural domains is even more essential for the observed coercivity than the geometrical factors and results in qualitatively different behaviour.
The present results are relevant for the design of advanced magnetic media based on the AAM templates. * * *
